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Since its introduction, IUE has emerged as a powerful tool, with a wide variety of imaginative modifications allowing investigation of cell autonomous and non-cell autonomous aspects of cell migration, differentiation and function in the brain (including in conditions of pathology) (reviewed extensively by LoTurco and colleagues 5 ). However, what remains missing is a simple one plasmid system, guaranteeing temporally controllable loss-and gain-of-function To address this issue, we developed misPiggy: multi-function inducible system based on piggyBac). misPiggy is a unique single plasmid system specifically designed for IUE that allows cheap, fast and flexible screening of gene function, across different CNS cell types at various developmental stages, in multiple mammalian species.
Previous work has shown that stable, long-term expression of transgenes across CNS cell types is possible when IUE is combined with the use of genome integrating, transposon-based systems, in order to offset the plasmid dilution that occurs as embryonic progenitors divide and differentiate during post-natal development 5 . We chose to build a plasmid based on the piggyBac system, due to its proven transposition activity in mammalian cells 6 and ability to efficiently deliver large DNA fragments (up to the size of bacterial artificial chromosomes) to cells 7 , which would facilitate further engineering of the system. Hence, we based our work on the previously reported pmhyGENIE-3 system, which is unique in carrying both a self-inactivating piggyBac transposase and transgene cassette on a single plasmid 6 (described in Figure 1a ). Basic testing of pmhyGENIE-3 derived plasmids in IUE was performed using expression of a strong fluorescent reporter, TdTomato (Figure 1a ). Reporter expression was driven by a modified astrocyte-specific GFAP promoter (mGFAP) (Supplementary Figure 1a) , as astrocytes are known to proliferate extensively during the first few weeks of post-natal development, and so are liable to loss of episomal plasmids, providing easy scoring of transposon activity 8 . Using a three-electrode electroporation configuration 9, 10 to specifically target the cortex of mouse brain, we confirmed that the transgene delivered from pmhyGENIE-3 was expressed specifically in multiple astrocytes across cortical layers into early adulthood (TdTomato signal; Figure 1b) , even when the size of the plasmid was effectively doubled (from 10.6 kb to 21.3 kb) by increasing the size of the transgene cassette carried (from 2.6 kb to 13.3 kb) (Supplementary Figure 2) . Such a transgene cassette should be These results confirm that a basic IUE system built on pmhyGENIE-3 largely matches or exceeds the performance of current systems. Therefore, we set out to engineer the backbone to incorporate extra elements in the form of easily modifiable 'expression modules' (see Supplementary Table 1 ). These modules allow simultaneous loss-and gain-of-function experiments in a cell type specific and temporally controlled manner and form the basis of misPiggy.
We chose to work with a variant of the well characterized and widely used Cre/lox system under control of an appropriate promoter, between loxP sites, we generated a self-excising Cre variant, which allows temporal control of transgene expression in a cell type specific manner.
In order to perform cell type specific loss-of-function experiments, we decided to use short hairpin RNAs (shRNAs) for gene silencing, as these possess several advantages for rapid and flexible screening of gene function in vivo, based on issues such as cost, ease of use, time to phenotype and potential applicability across species (discussed extensively in 13 and Supplemental Methods). Furthermore, extensive experience with the system means that there is an extensive collection of specific and validated shRNAs for the majority of (mouse) genes
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(https://www.ncbi.nlm.nih.gov/probe). Our system was designed around the split U6 promoter 14 , in which Cre-mediated recombination at TATA-lox sites leads to reconstitution of an active U6 promoter, which is capable of driving shRNA expression at high levels across all major cell types. To assess the potential for shRNA-mediated knock down, we performed IUE in transgenic mice expressing EGFP specifically in astrocytes (Aldh1l1-EGFP line). The construct used expressed both TdTomato (as a positive marker for electroporation) and indicator, GCaMP6m, in astrocytes using the mGFAP promoter (Figure, 2c ). Using this simple set up to score expression phenotype, we also extended the system for use in multiple cells types by testing the neuron specific human synapsin 1 (hSYN1) and oligodendrocyte specific proteolipid protein (PLP) promoters (Supplementary Figure 1b, 1c). Interestingly, in our hands, strict promoter specificity was dependent on the use of an inducible system, perhaps relating to protein perdurance after transient promoter activity in precursors.
Crucially, all manipulations were solely dependent on elements carried on the plasmid used for IUE and were entirely independent of the genetic background of the mouse used. This led us to explore the general applicability of our system across mammals. Hence, we explored whether misPiggy can be applied to other species amenable to IUE, such as rat 9 and ferret 15 .
These species are used in areas such as neurodevelopment, systems neuroscience, neuropharmacology and behavior, where differences in anatomy, biochemistry and physiology means they more accurately mirror specific aspects of human CNS development, function and disease, such as cortical folding. However, their use is generally limited in scope by a lack of tools for easy and robust genetic manipulation of the CNS. To test the cross-species applicability of our system, rats and ferrets were electroporated with the construct shown in Figure 2c . TdTomato was expressed constitutively in all species tested. Expression of GCaMP6 was strictly tamoxifen dependent (although the degree of recombination may have been impacted by the use of a non-optimized tamoxifen dose in both species). Interestingly, the mGFAP promoter used seemed highly specific for astrocytes in both rat and ferret (greater than 90% as based on cell morphology). However, absolute promoter specificity likely needs to be refined across species to accurately target specific cells types (which will depend on increasingly high resolution genomic information). These results demonstrate that the key components of our system retain functionality across multiple vertebrate species 16 .
In summary, we have developed a novel one plasmid-based toolbox, misPiggy, for long-term expression of multiple transgenes following IUE. Consistent with other IUE systems, the proportion of cells targeted is dependent on the size of the plasmid electroporated and can be adjusted by varying the amount of plasmid injected, the developmental stage at which electroporation is performed and the electroporation protocol (Supplementary Figure 2) .
Promoter specificity and strength, as well as recombination efficiency (which is related to the tamoxifen induction protocol used), also affect the performance of the system (data not shown).
These parameters can be systematically adjusted according to experimental needs.
In contrast to other IUE based systems, however, the modular design of misPiggy, facilitated by the large cargo capacity of transposon-based systems, allows multiple expression modules to be used, allowing simultaneous loss-and gain-of-function experiments in defined cells.
Furthermore, misPiggy is applicable across CNS cell types and, when combined with threeelectrode electroporation, can target defined brain regions 10 . Such capacity dramatically increases the range of experiments possible with IUE and currently includes conditional rescue experiments following protein knock-down, but can also can be expanded to include the use of 
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